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2ting occurs at all the 4 tips. Anisotropy drops dramati-
cally at this point. The slow drying of drops containing
0.05 mg/ml tubulin gives elongated saw-toothed crystals
similar to the ones induced by IgG discussed below. In
high concentration tubulin inhibits crystal growth, an ap-
parently homogeneous stain can be observed after the
drop dries up.
B. FITC-BSA
We tried to shed light on the role of protein in pattern
formation of salt crystals with the use of FITC labeled
proteins. In case of the fast drying procedure 5 mg/ml
FITC-BSA had similar eect to that of tubulin. Various
branching morphologies were found. Tip splitting caused
fractal growth (FIG. 2). The comparison of bright eld
and phase contrast images with the uorescent ones show
that crystals are covered by a layer of albumin. Protein
concentration dependence of the morphology was stud-
ied with the slow drying technique. Under a critical pro-
tein concentration (1g/ml) only blocks of rectangular
prism-shaped crystals grew corresponding to the protein
free case. In the concentration range of 1-1000 g/ml
cubic crystal centered structures formed (FIG. 3). This
observation reinforce that during a single growth process
the symmetry (anisotropy) of the pattern can dramat-
ically change due to the change of the local conditions.
As the growth process elongates, the initial 4-fold symme-
try with high anisotropy disappears and rather isotropic
growth takes place. In the higher protein concentration
range dendritic crystals grew with stable tips (FIG. 4).
C. IgG-FITC
To study the protein specicity of the phenomena we
examined the impact of human IgG-FITC on the KCl
crystal growth. After the fast drying procedure using 2
mg/ml IgG the typical pattern we found was the elon-
gated saw-toothed crystal (FIG. 5). Branching struc-
tures can be observed. The angle between the branches
is 70
Æ
. Concentration dependence of the morphology
was investigated by the slow drying method. Under 20
g/ml only blocks of the prism-shaped crystals grew.
Above this concentration up to 1 mg/ml cubic and saw-
toothed crystal centered structures were observed with
an isotropic surrounding pattern. FIG. 6 shows the cen-
ter of a typical one. In the higher concentration range
dendritic patterns formed with stable tips.
D. Equilibrium shape
The equilibrium shape of KCl crystals after the slow
drying method using 10 l 5 mg/ml KCl with 5 mg/ml
FITC-BSA was observed by dropping 5 l saturated KCl
solution on the crystals and covering the droplet with a
cover slip. We found rounded forms instead of the normal
rectangular shapes of KCl.
E. Gold substrate
We also studied the eect of the substrate surface,
which was glass in the above experiments. However, IgG
gave similar results on gold substrate to those on glass
in case of the slow drying method, albumin induced the
appearance of amorphous protein aggregates and blocks
of prism-shaped crystals on gold instead of the patterns
described above. This fact indicates the protein and sub-
strate specicity of the phenomenon.
IV. DISCUSSION
Proteins have signicant impact on KCl crystallization.
The presence of proteins in the solution from which KCl
crystals grow during the drying up leads to the formation
of protein specic and concentration dependent complex
patterns, which we described by a morphological diagram
(FIG. 7). We can give a partial explanation of the dia-
gram.
During the drying up of the solution protein precipi-
tates due to the increasing ionic strength. This process
is known as salting out. A gradually thickening layer of
protein aggregate (precipitate) covers the surface of crys-
tals. This cover means 2 interfaces: one between the KCl
crystal and the protein layer and one between the pro-
tein layer and the liquid. While the surface tension of the
former one 
c p
is anisotropic, that of the latter one 
p l
is considered to be isotropic. The total surface tension

t
of the interface between the growing and surrounding








The value of 
p l
, i.e., the isotropic term is signicant







is dominated by the isotropic term.
The rounded equilibrium shape of crystals with protein
cover reinforces the lower anisotropy of surface tension.
In the absence of protein the extra isotropic term corre-
sponding to the protein-liquid interface is missing. We
propose that tip splitting and fractal growth instead of
the formation of single crystals with 4-fold symmetry and
stable tips can be attributed to the reduced anisotropy
of the surface tension in case of the fast growth. Simi-
larly, slowly grown single crystal centered structures are
explained by the decrease of anisotropy of surface ten-
sion during the growth process. Our results demonstrate
that the level of anisotropy can change dramatically dur-
ing the growth of a single pattern. This is likely to be
caused by the increase and the reaching of a critical level
of protein precipitation as the drop is drying up.
3Various examples of pattern formation driven by mov-
ing unstable interfaces can be described by Laplacian
growth. In this case the boundary condition along the  
interface containing the dimensionless u
 
concentration








where  is the undercooling, the capillary length d
0
is
proportional to the surface tension,  denotes the local
curvature of the interface,  is the kinetic coeÆcient,  is
the angle between the normal to the surface and a xed
crystallographic direction, v
n
is the normal velocity of the
interface. To explain the stable tip to tip-splitting tran-
sition, we propose that d
0
is altered and its anisotropy
is decreased due to the adherence of the protein layer to
the KCl crystal surface.
Further eects may also have an impact on the mor-





ions in the liquid phase due to the high
protein concentration during the drying up might induce
transport limited growth typically resulting in fractal ge-
ometry [8]. The modication of the angular dependence
of  by a more isotropic incorporation process of KCl
into the crystal caused by the protein coating can lead
to lower anisotropy of the pattern. Faster growth, which
probably appears in the nal state of growth strengthens
the impact of the kinetic term. The incorporation of pro-
teins into calcite crystals is known to have an eect on the
morphology [15]. Although uorescent images displayed
high protein concentration on the surface of crystals, we
can not totally exclude incorporation.
IgG typically and under some conditions tubulin and
albumin also induced the growth of elongated saw-
toothed crystals instead of rectangular needle-shaped
ones. Branching saw-toothed structures were also found,
the angle between the branches is 70
Æ
. We argue that
these are single crystals elongated in the (111) direction
of the cubic crystal, i.e., their axis lies in this direction.
The angle between (111) and directions with the same
symmetry e.g. (11-1) is 70.5
Æ
. The mechanism leading
to the formation of these crystals is unknown. Proteins
can adhere to specic faces of the crystal with increased
aÆnity [2]. This anisotropic interaction inuences the
anisotropy of the surface tension at the crystal-protein
interface 
c p
, which may result in the change of the
direction of the fast growing tip.
The background of the protein specic behavior is un-
clear. As the experiment on the gold substrate indicates,
in addition to the protein-crystal interaction protein-
substrate and crystal-substrate eects also should be con-
sidered in further studies.
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FIG. 1: 80x80 m
2
deection mode AFM image of tubulin
induced patterns of KCl after the fast drying procedure. Note
the transition of the initially 4-fold symmetric crystallization
to isotropic fractal growth at all the 4 tips of the structure
caused by consecutive tip splittings.
FIG. 2: 135x135 m
2
uorescent image of 2 patterns of KCl
crystals with dierent fractal dimensions grown in the pres-
ence of FITC-BSA with the fast drying method. Brightness
is proportional to the concentration of FITC-BSA. The com-
parison with phase contrast and bright eld images prove that
albumin covers the crystals.
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FIG. 3: 135x135 m
2
uorescent image of a cubic crystal cen-
tered structure of KCl crystals induced by FITC-BSA using
the slow drying method. The anisotropic single crystal in the
center is surrounded by an isotropic pattern.
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